Allylic azides are underutilized in organic synthesis when compared to other organic azides or other allylic functionality. This is likely because allylic azides rearrange at room temperature, resulting in a potentially complex mixture of azides. This rearrangement has been termed the Winstein rearrangement. Understanding the mechanism and basic principles governing the allylic azide equilibrium may aid in developing applications for these molecules based on either alkene or azide functionalization. Presented herein is a compilation of the key observations regarding the nature of the allylic azide rearrangement. Mechanistic considerations are explicitly addressed with key examples from the literature.
Introduction
Nitrogen containing functional groups are prevalent in numerous impactful molecules, including molecules for medicinal chemistry, polymer chemistry, chemical biology, and material science applications. As such, there are various well developed synthetic approaches to access many nitrogen-containing molecules. Organic azides have a long history in synthesis and azides can be used to access a range of nitrogenous functionality (Scheme 1). Therefore, synthetic methods that use organic azides have remained prominent for many nitrogenous targets. [1] [2] [3] While many classes of azides have been extensively studied and utilized, there has been relatively sparse use of allylic azides in the literature. This is likely due to allylic azides' propensity to exist as a mixture of isomers. 4 Excitingly, both the alkene and azide provide orthogonal handles for further manipulation, and thus the ability to efficiently utilize allylic azides in synthesis would be highly desirable. In this account, we will discuss the allylic azide rearrangement in terms of equilibrium and mechanism. This is not intended to be an extensive review and synthetic applications are not explicitly addressed. Understanding the basic principles regarding this rearrangement may be useful to advance synthetic applications for these molecules.
Winstein's Report of the Allylic Azide Rearrangement
The allylic azide rearrangement was first documented by Winstein and co-workers in 1960 (Scheme 2a). 4 In this seminal report, the authors studied crotyl and prenyl azide. These compounds were isolated as individual isomers that reformed a mixture under ambient conditions. When at equilibrium, both crotyl and prenyl azide consist primarily of the isomer with the more substituted alkene (ratios of 64:46 and 75:25 respectively). This is the first indication that the stability of the alkene plays a critical role in determining the equilibrium ratio, which would be confirmed later.
Scheme 2. Winstein rearrangment.
The rate of isomerization was measured by Winstein and co-workers. For these simple azides, the half-life at room temperature is on the order of a few hours. The isomerization was not sensitive to changes in solvent across a large range of dielectric constants (subset provided, Scheme 2b). The rate is measured as the sum of the forward and reverse rearrangement (k1 and k-1 respectively). For prenyl azide, the rate constant in pentane was 4.93 x 10 -5 s -1 while the rate constant in 70% aqueous acetone was 90.6 x 10 -5 s -1 , less than a twenty-fold rate enhancement. These results highlight the relatively small increase in rate constant relative to increasing solvent dielectric constant. For polar reactions that are more sensitive to solvent effects, a difference of several orders of magnitude would be expected. A similar trend was observed with crotyl azide. The insensitivity of the rate of rearrangement to solvent effects indicates a lack of charge build-up in the transition state. 4 This evidence implies a cyclic and possibly sigmatropic rearrangement. A few years later, Le Noble investigated the effect of pressure on the allylic azide rearrangement and those results were consistent with a cyclic mechanism. 5 Other experiments are discussed below that further support the initially proposed mechanism.
One can compare the reported rates of rearrangement for prenyl azide and crotyl azide (Scheme 2b). In all solvents, prenyl azide rearranged at an increased rate relative to crotyl azide. In pentane and in 70% aqueous. acetone, this rate enhancement was by a factor of 2.6 and 3.6, respectively. This observation demonstrates an enhanced rate of reactivity due to the additional methyl substituent. 4 A similar effect has been observed on other systems (vide infra), indicating that increased electron density of the alkene increases the rate of the Winstein rearrangement.
In retrospect, the allylic azide rearrangement could have been discovered by VanderWerf and Heasley. 6 Two products were isolated from opening butadiene monoxide with sodium azide followed by subsequent reduction to the corresponding amine. At the time, this mixture was attributed to competitive epoxide opening via SN2 and SN2' pathways (Scheme 3). The authors did speculate on the possibility of an allylic rearrangement and noted it was less probable than competitive ring opening. Scheme 3. Epoxide Opening with NaN3.
Since the seminal report approximately 60 years ago, there has been only limited synthetic applications involving allylic azides. This is likely due to the potential for a complex mixture of azide isomers under ambient conditions. Described below are factors that could be used to control the equilibrium ratio and key mechanistic features that have been uncovered since Winstein's seminal report.
Factors Affecting the Equilibrium
Since the first report of the allylic azide rearrangement, there have been a few key observations regarding equilibrium ratios of allylic azides. Many of these observations can be combined to make sensible predictions regarding the relative abundance of azide isomers that would be present in the mixture. A simple example would be to state that the isomer with the more substituted alkene tends to be favored (Scheme 2a). Depending on neighboring functionality, some azides exist as a complex mixture of up to four alkene isomers (distal or proximal, and E or Z), while others can be isolated and used as a single compound. The following sections provide some insight on how proximal functionality may bias the equilibrium constant of the Winstein rearrangement. It should be noted that because of the Curtin-Hammett principle the major equilibrium isomer is not necessarily the isomer that will react in a functionalization reaction.
Conjugation
Conjugation is known as a fundamental stabilizing phenomena, and it can significantly bias the allylic azide equilibrium. Classically, the effect of conjugation was measured by comparing heats of hydrogenation (Scheme 4). For example, the reduction of two molecules of 1-butene provides more energy (ΔH° = -60.6 kcal mol -1 ), than the reduction of 1,3-butadiene (ΔH° = -57.1 kcal mol -1 ). 7 The 3.5 kcal mol -1 energy difference is due to a stabilizing interaction between the alkenes. This conjugation energy is presumably at play with allylic azides and explains why a mixture of isomers is not always observed when a proximal conjugating group is present.
Scheme 4. Stabilization energy of conjugation.
Hassner synthesized cinnamyl azide from the corresponding alcohol and reported the product as a single isomer (Scheme 5a). 8 Our lab also observed the same outcome when synthesizing cinnamyl azides. 9 Treatment of aldehyde 5.3 with vinyl-magnesium chloride results in alkoxide 5.4, which can be trapped in situ with DPPA.
After displacement with azide, the conjugated isomer 5.5 was the sole observed product. There have been reports utilizing the single conjugated isomer synthetically. 10, 11 Scheme 5. Effects of conjugation to arene on equilibrium.
Conjugation greatly shifts the equilibrium ratio towards the conjugated azide isomer. While the isomer distribution is governed by thermodynamic considerations, there is evidence that the Winstein rearrangement is still kinetically accessible. For example, cis-cinnamyl azide was irreversibly converted to trans-cinnamyl azide upon mild heating (Scheme 6a). 12 This isomerization was proposed to occur via two [3, 3] sigmatropic rearrangements, first uphill to the unconjugated isomer, and then back to the most stable trans-isomer. Upon standing, azide 6.3 partially isomerized to the (Z)-isomer (Scheme 6b). 13 Noticing this isomerization, the equilibrium ratio was measured at 75 °C in benzene. At equilibrium a 3.2:1 mixture of E and Z isomers was observed (Scheme 6b). Density functional theory (DFT) calculations describe a three-step pathway consisting of a [3, 3] rearrangement, σ-bond rotation, and a second [3, 3] rearrangement (vide infra). 13 These examples highlight that while the unconjugated isomer is not directly observed, it is likely an intermediate in the observed isomerization.
Scheme 6. E/Z Isomerization of conjugated allylic azides.
Other reports showed that conjugation to an electron-withdrawing group results in predominantly a single azide isomer. In an example from Panek and co-workers, an allylic azide was generated from a Lewis acid catalyzed addition to an acetal (Scheme 7a). 14 Investigations of this reaction revealed that the crude reaction mixture was a 3:1 mixture of α-azido ester 7.2 and the rearranged conjugated product 7.3. After work-up and purification by column chromatography, only the conjugated product (7.3) was isolated. In a similar observation, Evans and co-workers reported a single isomer upon displacement of an activated allylic alcohol with sodium azide (Scheme 7b) 15 . Both of these examples indicate that conjugation to an electron withdrawing group is sufficient to bias the Winstein rearrangement. Scheme 7. Conjugation to electron-withdrawing group.
A measurable equilibrium can be re-established if both allylic termini are substituted with a conjugating group (Scheme 8). 13 In the cases examined, there was a slight preference for conjugation to the ester over the arene (Scheme 8a). Changing the electronics of the arene had little effect on the equilibrium (Scheme 8a vs 8b). Interestingly, when the ester was replaced with a nitrile, only the isomer conjugated to the nitrile was observed as a mixture of E and Z isomers (Scheme 8d).
Scheme 8. Conjugation to both Isomers.
Spino reported the equilibrium of an allylic azide with a diene motif (Scheme 9). 16 Mitsunobu conditions were used to generate an allylic azide from dienol 9.1. There are three possible regioisomers of the resulting azide. The azide can be proximal to the menthol derivative (azide 9.2), distal to the menthol derivative (azide 9.4), or the azide can be in between the two alkenes (azide 9.3). Only azide 9.4 was observed. Azide 9.3 is likely disfavored due to lack of conjugation and azide 9.2 is disfavored due to steric considerations (vide infra). Scheme 9. Conjugation to an alkene.
Steric effects: syn-pentane interactions
Similar to the effect of conjugation, conformational and steric effects can greatly bias the equilibrium ratio in favor of one isomer. Spino strategically utilized a menthol derivative to synthesize α-amino acids and heterocycles using an allylic azide intermediate. 17 The menthol derivative acted as a chiral auxiliary to set the stereocenter of the allylic alcohol. The auxiliary was also a critical factor in establishing the equilibrium ratio of azide isomers after the Mitsunobu reaction (Scheme 10). Mitsunobu reactions are known to result in predominantly SN2 over SN2' products. 18, 19 Therefore, Spino proposed initial SN2 displacement of the activated alcohol with azide to generate allylic azide 10.2. Azide 10.2 is destabilized due to a syn-pentane interaction with the isopropyl group from the menthol moiety. The rearranged product 10.3 avoids these steric interactions and is the predominant isomer observed when R is alkyl (>98:2). It is noteworthy that when R is Ph, the selectivity of the products is reversed and 10.2 is formed (94:6). Conjugation of the alkene to the aryl ring outweighs the syn-pentane interaction between the azide and isopropyl group. We noticed the effect of syn-pentane interactions when working with complex allylic azide substrates (Scheme 11). 20 These substrates were used for a dynamic cyclization reaction specifically from the tertiary azide isomer. Typical substrates contained a measurable mixture of secondary and tertiary azides (Scheme 11a). The secondary azide was present as a mixture of alkene isomers. Only the secondary azide was observed for a similar substrate bearing a geminal dimethyl group (Scheme 11b). This is likely due to a syn-pentane interaction destabilizing the tertiary azide isomer (11.5) relative to the others. Interestingly, the trace concentration of this isomer was able to undergo the desired cyclization reaction in good yield, illustrating the Curtin-Hammett principle. Scheme 11. Syn-pentane interaction affects equilibrium.
Stereoelectronic effects
Sharpless noted that the equilibrium of prenyl and crotyl azides was affected by the incorporation of an oxygen atom on one end of the allylic system (Scheme 12). While prenyl and crotyl azide favored the primary azide by more than two fold, adding a hydroxyl group shifted the equilibrium to roughly 1:1. 21 A hydrogen bond between the azide and pendant hydroxyl group was proposed to be responsible for this effect. Topczewski and co-workers probed further whether this effect was solely due to a hydrogen bond or if there was also an electronic parameter. 22 Scheme 12. Effect of heteroatom on equilibirum.
A series of allylic ethers were synthesized and the equilibrium ratio of linear to branched azide was measured (Scheme 13, l:b). In this case, the equilibrium ratio was dependent on the electronic nature of the group bound to oxygen. Substituents with more electron-donating groups on the oxygen led to an increase in the percentage of the branched azide at equilibrium (Scheme 13). The percent branched isomer correlated with the DMSO pKa of the OR group's conjugate acid. The heteroatom may either be stabilizing the branched isomer or destabilizing the linear isomer. Based on DFT calculations, the heteroatom likely increased stabilization of the branched isomer via the gauche effect. These results indicate that the exact equilibrium ratio can be dependent on proximal groups. Scheme 13. Effect of OR group on equilibrium.
In a related study, Göksu and co-workers synthesized a series of cyclic bis-azides (Scheme 14). 23 The cyclic bis-azides were accessed by a Mitsunobu reaction originating from either a meso-diol (14.1) or from an epoxide (14.4), through ring opening and subsequent Mitsunobu reaction. Depending on the precursor, a different allylic azide was accessed as the kinetic product of the reaction. The authors noted that for azides with n = 2 or 3, a mixture with a varying ratio was obtained from either precursor. With n = 1 or 4, only one azide was isolated. When n = 4, either isomer could be obtained, depending on the starting material. This indicates that the rearrangement is slow for the cyclooctenyl system. The equilibrium constant in this case was not determined. A computational analysis supported a [3,3] sigmatropic process.
Scheme 14. Effect of ring size on equilibrium.
Conjugation, syn-pentane interactions, and stereoelectronic effects play a key role in the equilibrium of allylic azide isomers. Effects, which lead to predominately one isomer, can provide a means to further elaborate some allylic azides. For example, Trost and Pully utilized the shift in equilibrium caused by a pendant hydroxy group for the synthesis of (+)-Conduramine E. 24 In cases where the equilibrium constant is near unity, it is more challenging to utilize these substrates because selective downstream reactions are required. While challenging, successful examples do exist. 20, 25, 26 
Mechanistic Insights

Evidence for stereospecificity
Padwa and co-workers were first to report the stereospecificity of the Winstein rearrangement (Scheme 15). A stereodefined α-diazo-γ-azido-δ-hydroxy ketoester was exposed to a rhodium catalyst, which resulted in an O-H insertion reaciton. 27 While similar substrates without an azide resulted in a mixture of diastereomers, azide 15.1 resulted in a single diastereomer. This process likely proceeds via (i) initial formation of ketoester 15.2 followed by (ii) tautomerization to the enol. This results in allylic azide 15.3, which can (iii) rearrange to generate the enol 15.4. The last step (iv) is the tautomerization to ketone 15.5. Because the stereochemistry of the initial substrate dictates the stereochemistry of the product, it was concluded that this process proceeds with stereospecificity. The stereospecificity of this reaction supports the previously proposed [3, 3] sigmatropic mechanism.
Scheme 15. Stereospecific winstein rearrangement.
There are other examples that highlight the stereospecificity of the allylic azide rearrangement. The Blechert group was interested in using azides to access glycosyl phosphate surrogates (Scheme 16). 11 Using an enzymatic resolution, alcohol 16.1 was converted to allylic acetate 16.2, which was isolated in high enantiopurity. A palladium-catalyzed allylic substitution converted the acetate to the corresponding azide with retention of stereochemistry. While this azide exists primarily as a single isomer due to conjugation, the Winstein rearrangement is still kinetically viable (vide supra). The lack of observed enantioerosion of azide 16.3 is consistent with a [3,3] sigmatropic mechanism. Scheme 16. Azide rearrangement is stereospecific.
Computational investigations
Several groups have studied the allylic azide rearrangement using DFT calculations. Jabbari found energy profiles for the rearrangement of a few simple azides (Scheme 17). 28 The transition state energy was slightly lower for the hydroxylated substrate 17.3. The author proposed that a hydrogen bond stabilizes the transition state; however, based on other work, there are likely other electronic effects (vide supra). 22 In a similar report, the Kang group used DFT to study the allylic azide rearrangement of pimarily prenyl and crotyl azide along with the corresponding hydroxyl deriviatives. 29 From the energy profiles, the equilibrium ratio of isomers was estimated and was found to be consistent with experimental values. Labadie and coworkers conducted a similar study with a primary focus on prenyl azides of various chain lengths. 30 Modifying the chain length, temperature, or solvent did not significantly change the equilibrium constant, which is consistent with
Winstein's initial report. All three groups concluded that the rearrangement is a concerted synchronous process. A half-chair geometry was calculated for the transition state structure. [28] [29] [30] Scheme 17. Free energy profiles of allylic azide rearrangement.
The Topczewski group became interested in studying the allylic azide rearrangement using DFT calculations after observing the E to Z isomerization of azide 18.1. 13 Presumably, the isomerization occurs via the Winstein rearrangement and DFT was used to identify a pathway for isomerization. The calculations describe a three step process: (i) a [3, 3] sigmatropic rearrangement to benzylic azide 18.2, (ii) σ-bond rotation, and (iii) a second sigmatropic rearrangement.
Scheme 18. Pathway for E to Z isomerization.
With a pathway identified, the rate of isomerization and the stereochemical outcome of an analogous rearrangement could be investigated (Scheme 19). The rate constants for isomerization of azides 19.1 and 19.3 were measured in benzene at 75 °C. The rate constants for equilibration were 7.1 x 10 -4 s -1 for azide 19.1 and 5.0 x 10 -3 s -1 for azide 19.3. 13 The small structural difference (added methyl in azide 19.3) resulted in a significant rate enhancement. This observation is consistent with Winstein's observation that prenyl azide rearranged faster than crotyl azide under all conditions investigated. 4 The added methyl group plays a role in increasing the rate of rearrangement, likely due to the increased electron density of the alkene. If one considers the observed rates of rearrangement for prenyl azide (Scheme 2), one could conclude that the aryl further enhances the rate of rearrangement. The rearrangement of enantioenriched azide 19.3 occurred with formal inversion of the stereocenter but without loss of stereochemical integrity. Scheme 19. E to Z Equilibration.
15 N Labelling study
Topczewski and co-workers undertook an 15 N labelling study to provide direct evidence for the [3, 3] sigmatropic mechanism (Scheme 20). 13 The 15 N label was installed from 15 N-phthalimide using an iridium catalyzed allylic substitution reaction. Deprotection using ethanolamine yielded labelled amine 20.3. Diazo transfer with triflic azide, formed in situ, resulted in branched azide 20.4. Rearrangement to cinnamyl azide was concomitant. A [1, 3] sigmatropic, [3, 3] sigmatropic, or ionic mechanism would result in different positions of the 15 N label. If the azide rearrangement proceeded via a [1, 3] sigmatropic mechanism, the 15 N label would be located on the proximal nitrogen (azide 20.5), while a [3, 3] rearrangement would shift the 15 N label to the distal nitrogen atom (azide 20.6). An ionic mechanism would result in scrambling of the 15 N label. The cinnamyl azide was reduced and analyzed by HRMS, which revealed that the 15 N label was no longer present. The absence of the 15 N label in the reduced product provides direct evidence for the [3, 3] sigmatropic mechanism. Scheme 20. 15 N-Labelled allylic azide rearrangement.
Ionic and catalyzed pathways for the Winstein rearrangement
Based on the above discussion, it is generally accepted that the Winstein rearrangement proceeds by a [3, 3] sigmatropic mechanism. However, an ionic mechanism can be accessed under certain conditions. Products corresponding to an ionic mechanism were observed upon heating enantioenriched cyclic allylic azides (Scheme 21). 13 These azides were designed because they exist as the conjugated isomer and do not racemize by a [3, 3] mechanism. They were found to be stable in less polar solvents for over one week at 100 °C. In contrast, these azides quickly racemized and formed products of methanolysis in MeOH at 100 °C. This observation along with a strong rate correlation to the Hammett value σ + indicated an ionic mechanism. Scheme 21. Ionic mechanism for winstein rearrangment.
Others documented azide racemization in the presence of a catalyst. In 2017, Toste and coworkers reported partial racemization of an allylic azide, which could not be explained by a [3, 3] mechanism. Chiral allylic azides were accessed from a gold-catalyzed allene functionalization reaction. 31 A control experiment was conducted to determine whether the reaction conditions led to racemization of the azide product. A mixture of the enantioenriched allylic azide and in situ generated cationic gold complex resulted in a significant decrease in ee in chloroform (Scheme 22). Some enantioerosion was observed in toluene, and minimal enantioerosion was observed in THF. While not described at the time, a catalyzed ionic mechanism likely led to partial racemization (vide infra). The ionic mechanism is probably inhibited by the coordination of THF to the catalyst or slowed down due to reduced solvent polarity (PhMe).
Scheme 22. Racemization of allylic azides.
The Aubé lab selectively trapped an isomer from the allylic azide rearrangement. They developed an intramolecular Schmidt reaction promoted by Lewis acid to generate substituted lactams (Scheme 23). 26 Because the rearrangement is stereospecific, they envisioned using a stereodefined starting material to generate stereodefined products. However, while investigating this process, Liu noticed that the syn:anti ratio did not smoothly translate to the products (Scheme 23a). 32 With this substrate, it was unclear which stereocenter was being epimerized because the ketone could isomerize via an enol/enolate. Further investigations were conducted using an alternate substrate (Scheme 23b). This substrate was designed to avoid potential epimerization at any other stereocenters and resulted in only one regioisomer. Again, there was a clear change in the ratio of diastereomers after treatment with SnCl4 (Scheme 23b). These strongly Lewis acidic conditions were likely able to promote an ionic mechanism, causing a distinct change in the diastereomeric ratio.
Scheme 23. Unexpected selectivity.
The Topczewski lab became interested in identifying mild conditions that lead to facile racemization of allylic azides. 33 Several suitable catalysts were able to promote this process. Selected examples highlight the ability to tune the catalyst based on the substrate (Table 1) . A mechanistic study revealed that the racemization is strongly correlated to the Hammett parameter σ + , indicating a buildup of positive charge in the transition state. The highly negative slope (ρ = -5.9) is indicative of a carbenium intermediate. Other substrates with carbenium stabilizing groups could be racemized under these conditions, expanding catalytic racemization beyond allylic azides. 
Conclusions
Since Winstein's initial report on the spontaneous rearrangement of allylic azides, there have been scattered reports providing insights into the characteristics of this process. As with all equilibria, this rearrangement is governed by the difference in energy between the possible azide isomers. A number of factors have been identified that effect the equilibrium ratio including alkene substitution, conjugation, conformational effects, and stereoelectronics. In some cases, the minor isomers cannot be directly observed. The mechanism of the rearrangement is a stereospecific [3, 3] sigmatropic process in most cases. This is supported by various experimental techniques and computational studies. However, the rearrangement can proceed via an ionic pathway under certain conditions that proceeds with loss of stereochemical information. To utilize allylic azides in synthesis, either a biased equilibrium or a selective functionalization is required. Several groups have put forth efforts to develop methods for the selective functionalization of a single allylic azide isomer. 20, 21, [34] [35] [36] [37] 
